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Coseismic slip distribution of the 2005 off Miyagiearthquake (M7.2) estimated
by inversion of teleseismic and regIOnal seismograms
Tadashi Yaginumal, TomomiOkadal, Yuji Yagi2, To,u Matsuzawal, Norihito Uminol and Akira
Hasegawal
1 Research Center for Prediction of Earthquakes and Volcanic Erupt10nS, Graduate School of Science, Tohoku
University, Sendai980-8578, Japan
2Graduate School of Life and Environmental Sciences,Universlty OfTsukuba, Tsukuba 305-8572, Japan
A large earthquake (M7.2) Occurred along the plate boundary offMiyagi Prefecture (Miyagi-Oki), northeastern
Japan, on August 16, 2005. In this area, large earthquakes (～M7.5) have occurred repeatedly at intervals of
abput 37 years, and it has passed more than 27 years since the last event occurred. To estimate the relationship
between this earthquake and the previous events, We determined coseismic slip distribution by this 2005
Miyagi-Oki earthquake by adopting the seismic wave form inversion method of Yagiet al.(2004) and compared
with that of the previous 1978 Miyagil0ki earthquake. We performed two cases of the inversions; inversion
uslng Only far-field seismograms, and that using far-field seismograms and localseismograms simultaneously.
Both results show that large slip occurred near the hypocenter and rupture extended to the westward deeper
portion. The rupture area of the 2005 event partly overlappedwith the southeastern part of that of the 1 978
event･ This result possibly suggests that there exists plural asperities which cause the sequence ofMiyagi-Oki
earthquakes, and the 2005 event ruptured one of such asperities, although the previous 1 978 event ruptured all
the asperities at one time.
1. Introduction
A magnitude 7.2 interplate earthquake occurred at 1 1 :46 on August 16, 2005 at a depth ofapproximately　40
km in the Miyagi-Oki region (offshore of MiyagiPrefecture), northeastem Japan. A maximum seismic
intensityofjust under 6inJMA scale was observed in Kawasaki, MiyagiPrefecture, where considerable
damage was reported, including 91peOple injured and 1 house completely destroyed (according to the Fire and
Disaster Management Agency, Ministry of Public Management, Home Affairs, Posts and
Telecommunications).
Around the fわcal area of this event, int叩late earthquakes with magnitudes orabout 7.5 have repeatedly
occurred at average intervals of approximately 37 years (Headquarters for Earthquake Research Promotion,
2001 )･ The last Miyagi10ki earthquake (M7.4) occurred on June 12, 1978, and caused major loss oflife (28
deaths) and 1325people injured･ In recent years, a magnitude 7.日ntraslab earthquake occurred nearby on May
26, 2003 (Okada and Hasegawa, 2003). On July 26 0fthat same year,another magnitude 6.4 inland shaHow
crustal earthquake occurred (Okada et al., 2003; Umino ef al., 2003), attracting considerable attention. Recent
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investigation on interplate earthquakes suggest the existence of asperities along the plate boundary east off
northeastern Japan (Nagai et al., 2001 ; Okada et al., 2003; Yamanaka and Kikuchi, 2004; [garashi et al･, 2003;
Matsuzawa et al., 2004; Uchida et al., 20051 Hasegawa et al., 2005). Back slip inversions ofGPS data have
shown that large back slip is distributed in the source area of the Miyagi-Oki earthquake (Suwa et al･, 2004).
Hasegawa et al. (2004) suggested that the July 26 M6.4 earthquake was due to the strong coupling in the
asperity reglOn Ofthe Miyagi-Oki earthquakes, which causes compressive stress in the layer in which the July
earthquake occurred. Thus, in recent years, scientists have come to believe that the plate boundary at the
Miyagi-Oki earthquake asperities is strongly coupled.
Clariflcation of the relationship between this latest earthquake and the last Miyagi-Oki Earthquake, which
occufred more than 27 years previous, is important in improvlng the modeling of Miyagi10ki earthquakes, and
therefore in disaster prevention. Jn the present paper, the rupture area in the 2005 Miyagi-Oki earthquake is
estimated from the slip distribution determined by seismic wave form inversion of Yagiet al. (2004). Then, by
comparisonwith the slip distribution of the Miyagi-Oki earthquake (Seno et al･, 1980; Yamanaka and Kikuchi,
2004), the relationship between the 2005 Miyagi-Oki earthquake and the 1 978 Miyagi-Oki earthquake is
discussed.
2.Method
The wave form inversion method ofYagief al. (2004) was used in the analysis. This method involvesjoint
inversion ofteleseismic body wave records and reglOnal strong motion records. The fわrmer is suitable f♭r
determlnlng the approximate extent of the rupture area, while the latter is suitable for determlnlng the detailed
rupture process. Use of the two sets of data provides the advantages of both in the analysIS reSults･
In this research, the analysis was carried out in two stages. First, the existence ora broad (135 kmX 135 km)
fault plane was assumed and the approximate rupture area was estimated by the wave form inversion of
teleseismic body wave records. Next, to attempt a more detailed estimation of the rupture area, the assumed
extent of the fau)t plane was reduced to 90 km X 90 km, and joint inversion ofresional strong motion records
and teleseismic body wave records was performed. The assumed fault plane was divided into 9 × 9 small faults.
3.Data
Wavefbrm data used in the analysts Were Obtained as fわllows. Teleseismic body wave records were those
recorded by the Incorporated Research Institutions fわr Seismology (IRIS) at 24 broadband seismograph
observation stations (Fig. 1(a)), and regional strong motion records were obtained at 3 basement strong motion
observation stations orKiK-net, which is operated by the National Research Institute or Earth Science and
Disaster Prevention. Data from an observation station of the MiyagiPrefecture Seismic Observation Network
were also used (Fig. 1(b)). A 0.0111.0 Hz bandpass filter was applied to the teleseismic body wave records, and
a 0. 1｣).5 Hz bandpass rllter was applied to the reglOnal strong motion records･ Both records were converted to
5 Hz sampling displacement wavefbrms･
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The eplCentral location adopted, 38. 1 44oN, 1 44.299oE, was that determined by Hi-net of the National Research
Institute of Earth Science and Disaster Prevention. The depth of the hypocenter was taken to be 37 km, which
was determined by using OBS data (Yamamoto et al., 2005; Hino et a1., 2005).
For the geometrical parameters of the fault model, the AQUAICMT values of the NationalResearch Institute
orEarth Science and Disaster Prevention were used: strike 198.20, dip 22.20. The assumed seismic velocity
structure model is glVen in Table 1.
4.Results
4.1 Results assumlng a broad fault plane
The seismic moments Obtained are M0 - 8･8× 1019 Nm and Mw - 7･2･ The estimated slip distribution is shown
in Fig. 2. The maximum slip is about 0.70 m, which occurred near the point where the main shock rupture
initiated. The region of large slip during the earthquake extends in the direction of dip toward greater depth (the
vlest side). The process by which rupture progresses in the direction of dip toward greater depth (particularly
4-8 s a洗er the onset of rupture) can also be seen in the depiction of the rupture process in Fig. 3. The rupture
stopped 12 s a洗er the onset and then appears to have reactivated in the 13-15 s interval. This is seen on both
sides of the strike. It is possible that this is due to deviation of the actual seismic velocity structure from the
assumed structure modeL The slip amount of this second portion of the rupture was also relatively small, only
0.23 m, which may not be important in reproduction of the overall rupture process. Accordingly, this delayed
rupture is not discussed in the present paper.
A comparison of the theoretical wave form and the observed wave form is shown in Fig. 4. 1t is seen that the two
agree reasonably well.
4.2 Resu)ts assuming a Smaller fault surface
The obtained seismic momentsare M0 - 8･9X low N m and Mw - 7･2･ The distribution ofslippage and a
comparison between the theoretical wavefbrms and the observed wavefbrms are shown in Figs. 5 (a) and (b).
Since this result is a result of joint inversion, the results for the 4 near strong motion observation stations are
also shown. The slip distributions when the Moho thickness in the velocitystructure model is varied are shown
in Figs. 5 (C) and (d). Inall of the slip distributions, relatively large slip occurs at the comers of the assumed
fault plane. However, in Fig. 2, which shows an overall view of the rupture reglOn, Significant amounts ofslip
are not seen in these reglOnS. For this reason, the slip around the hypocentral reglOn that could not be
reproduced is considered to have been pushed to the comers of the fault surface. This may be related to the
assumed velocity structure model as in the case shown in section 4.I.
5. Discussion
5･l Analysis assumLng a broad fault I)lane
The final slip distribution in Fig. 2 and the rupture process shown in Fig. 3 suggest that followlng the main
rupture in the vicinity of the hypocenter, rupture proceeded along the dip direction to greater depth. This
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implies that the rupture proceeded toward the west, which can be seen from the directional dependence of the
orlg)nal observed wave forms. For example, looking at the comparison between the theoretica) wave forms and
the observed wave forms in Fig. 4, at observation stations east and west of the hypocenter, the rise of the
wave form ofP wave differs in that the rise is sharp and spiked at the westem observation stations, and gradual
and angled at the east observation stations. The overall appearance of the wave forms depends great)y on the
direction of the observation stations. It is therefore believed that the difference in wave forms is due to.the
directivity. From the fact that the wave form at the western observation stations is spiked, it can be said that the
propagation or rupture toward the west is natural glVen the directional dependence orthe wavefbrm･
5.2 AnalysIs assum)ng a smaller fault plane
The s一ip distribution iridicates that a允er the large slip in the vicinity of the hypocenter, rupture propagated in
the direction ordip to greater depth (toward the west). Comparison with Figs. 5 (C) and (d) reveals that when
the Moho is set deeper, the details of the slip distribution change. Thus, the slip distribution appears to be
affected by variations in the velocitystructure. However, the distributions have two features in common: the
principal rupture occurs in the vicinity of the hypocenter, and the rupture propagates to the west. These features
are also similar to those obtained from the results ofanalysIS uSIng Only the teleseismic wave forms.
In the present inversion, the observed wavefbrms were not weighted equally. The easトwest component in
Tsuyama (TUYAMーEW) was weighted less because when uniform weights were used, the wave form at the
western observation stations could not be reproduced well. In manual adjustment to reproduce the spiked rise
that played an important role in section 5.1, it was found that the problem was solved by decreaslng the weight
of the east-west component in Tsuyama. This is probably caused by a difference between the veloclty Structure
in the vicinity of the Tsuyama observation station and that used in the present analysts.
5.3 Comparisonwith the 1978 M7.4 Miyagi10ki earthquake
The relationship of the present earthquake to the 1978 Miyagi-Oki earthquake is discussed by comparlng the
results obtained from the analyses of the two earthquakes. Figures 6 (a) and (b) superimposes the slip
distributions for the I 978 Miyagi-Oki earthquake (Yamanaka and Kikuchi, 2004)with those for the 2005
Miyagi-Oki earthquake and the respective aftershock distributions (Okada el al., 2005). Since the slip
distribution for the 2005 event was obtained referring to the results of both the teleseismic wave form inversion
and the joint inversion, the results are shown in two figures (Figs. 6 (a) and (b)). Normally, thejoint inversion
result (Fig. 6 (b)) Would be used by itselfas the flnal solution, but since it is very sensitive to changes in the
velocitystructure model, it is diffTICult to determine a unique solution. For this reason, both solutions are
discussed.
Comparlng the respective aftershock distributions for the 1978 and 2005 Miyagi-Oki earthquakes, it is seen that
a氏ershocks of the 2005 earthquake occurred on the south-Southeast side of the aftershock area of the I 978
Miyagi10ki earthquake (Okada et al., 2005). Practically no aftershocks occurred southeast of the hypocenter,
whHe the activitynorth of the hypocenter in this latest earthquake is lower than that in the 1978 Miyagi-Oki
earthquake. Thus, aftershocks are mainly distributed west of the hypocenter; the characteristics of the
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attershock distribution suggestthatrupture propagated toward the west during the main shock.
Asa result ofanalysis of the 2005 Miyagi-Oki earthquake, when either uslng the teleseismic wave forms alone
or in tandem with the reglOnal seismic wave forms, the slip distribution shows that aRer the prlnCIPal rupture
occurred in the vicinityofthe hypocenter, rupture progressed toward the west. Based on the above discussion
of the aftershock distribution, this can be said to be a natural result･ Further, from Fig･ 6, which compares the
slip distributions for the 1978 Miyagi-Oki and 2005 earthquakes, it can be seen that the rupture area for the
一atest earthquake occurs in the same reglOn aS that fわr the 1978 Miyagi-Oki earthquake･ Both the results
obtained using the teleseismic wave forms and those using both the teleseismic wave forms and the regIOnaI
seismic wave forms reveal large slip in the southeastern part of the 1978 rupture area, and expansion of the
rupture toward the westこIn the case ofthejoint inversion, the expansion toward the west is more pronounced.
Thus･ therupture area of the 2005 earthquake is characterized by occurrence of the prlnCIPalrupture in the
southeastem part orthe rupture area during the 1 978 Miyagi-Oki earthquake and the subsequent westward
progression of the rupture.
Seno et all (1980) have estimated the rupture area of the 1 978 Miyagi-Oki earthquake, and the result is shown
in Figs･ 6 (C) and (d)･ Comparison with the result by Yamanaka and Kikuchi (2004) shown in Figs. 6 (a) and (b)
shows that both sets ofresults include 2 or 3 asperities or sub-faults in the northeastem and southwestern parts
of the reg10n･ )n both cases, these asperities are distributed north and west of the 2005 hypocenter･ ln both cases
ofFig･ 6, it seems that the large and small asperities indicated in the previous reports were not ruptured in the
2005 earthquake･ However, it is believed that the 1978 rupture took place around the periphery of the 2005
earthquake･ ln particular, Seno et al･ (1980) believed that there existed sub-faults with large slip amount in the
vicinity of the 1978 hypocenter and in and around the 2005 earthquake rupture area･ It is possible that the 2005
earthquake ruptured some of the same small asperities that had been ruptured by the 1978 earthquake･ From
research conducted thus far it appears that there is little possibilitythat rupture propagated northward from the
hypocenter. Accordingly, within the rupture area of the 1 978 Miyagil0ki earthquake there must be asperities
extending to the north that have yet to rupture.
6. Conclusions
The slip distribution for the 2005 Miyagi-Oki earthquake (August 16) was determined. The results indicate that
the rupture process consisted ofa main rupture in the vicinityofthe hypocenter, followed by propagation of the
rupture toward the west. This is compatible with the directivity seen in the teleseismic wavefbrms and the
spread orthe a触rshock distribution.
Comparisonwith the slip distribution for the 1 978 Miyagi-Oki earthquake revealed that the 2005 earthquake
ruptured part of the rupture area of the 1 978 Miyagi-Oki earthquake (particularly the southeastern part), but
most orthe asperities orthe 1978 earthquake are not considered to have ruptured in the subsequent event. This
suggests that the Miyagi-Oki earthquakes have been caused by several asperities rather than one large asperity.
That is, severalofthese asperities ruptured simultaneously in the 1978 Miyagi-Oki Earthquake, but it is
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believed that in this latest earthquake only part of that reg10n Was ruptured. Thus, it is possible that a series or
severalMiyagi-Oki earthquakeswill Occur, as pointed out by Umino et al. (2005) for the 1933, 1936 and 1937
earthquakes. Consequently, 1n Order to construct a model of Miyagi-Oki earthquakes, it is perhaps necessary to
identifya group of asperities in which Miyagi-Oki earthquakes occur and then consider the possibilityof
successive rupture.
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Fig･ 1 : Distribution of observation stations (triangles) for which records were used in theanalysis. The star
shows the epicenter of the main shock･ (a) Observation stations used to obtain the teleseismic body wave





Fig･ 2 : Final slip distribution･ The star represents hypocenter of也e mainshock, and slip vectors are shown with
arrowsI The dotted kame denotes the domain used in the joint inversion of the teleseismic wave forms and the















































































Fig. 4 : Comparison oftheoretical wave forms (red lines)with observed wave forms (black lines). Wave forms
shownwithin the solidand wavy f一ames are the wave forms at the prlnCIPal eastern observation stations and the













































































































































































































































































Fig･ 6 : Comparison of 2005 Miyagi-Oki earthquake (blue lines, slip distribution; blue circles, aftershock (2
days) epicenters) with the 1 978 Miyagi-Oki Earthquake (red crosses, aftershock epicenters). The slip
distribution contour interval is O･3 m･ Aflershock distribution was redetermined hypocenters by the DD method
(Okada et al･, 2005)･ (a,b) Comparison with the slip distribution (red lines) of Yamanake and Kikuchi (2004).
(C,d) Comparison with the results ofSeno et al･ (1980); It is believed that large slip occurred in the areas
denoted by rectangles･ Teleseismic wave form inversion results are shown in (a) and (C), and joint inversion
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THE 2005 M7.2 MIYAGI-OKI EARTH(〕UAKE, NE JAPAN: POSSIBLE RE-
RUPTUNNG OF ONE OF ASPERITIES THAT CAUSED THE PREVIOUS
M7.4 EARTHQUAKE
TomomiOkadal Tadashi YaginumaI Norihito UminoI Toshio KonoI Toru MatsuZ:aWa,
Sacko KitaI Akira Hasegawa
Research CerLter for Prediction of Earhquakes and Volcanic EruptionsI Graduate Schoo] of Science,
Tohoku Univerisity
A large (M7･2) interp]ate earthquake occurred on 16 August 2005 in the Miyagi-Oki region, where large
interplate earthquakeswith magnitude of～7･5 have occurred repeatedly at a recurrence interval of～ 37 yrs,
NE Japan･ We compared aRershock distribution of the 2005 Miyagi-Oki earthquakewith that of the
pr9Vious 1978 Miyagi-Oki earthquake (M7.4) using double-difference hypocenter locations. The
a允ershock area of the 2005 Miyagi10ki earthquake is partly overlappedwith the southern/southeastern part
of that of the 1978 event. Locations ofaftershock clusters of the 2005 event correspondwith those of the
1978 event and those orthe background seismicity･ Coseismic slip area orthe 2005 event estimated by
seismic wavefbm inversion is also partly overlapped with that of the 1978 event. These obseⅣations
suggest that spatialseismicity pattern on the plate boundary ln Subduction zone persists and the 2005 event
possiblyruptured a part of the source area of the 1 978 event.
1. Introduction
On August 16, 2005, a large earthquake occurred in the Miyagi-Oki region (offshore of Miyagi
Prefecture) in northeastern Japan･ The JMA (Japan Meteorological Agency) magnitude of this event is 7.2
and its seismic moment is estimated to be 5･4 x 1019 Nm (Mw7･l ; F-Net, NIED, 2005). Hypocentral
location and fわcal mechanism (e･g･ F-Net, NIED, 2005) show that the 2005 Miyagi-Oki earthquake
occurred along the boundary between the subducting Pacific Plate and the overriding plate (Fig. 1). Tn this
area, large inte巾Iate earthquakes with magnitude oトM7.5 have occu汀ed repeatedly at a recu汀enCe
interval of～37 yrs (The Headquaters for Earthquake Research Promotion, MEXT, Japan, 2003). Base on
this recurrence of large earthquakes, the Headquarters of Eallhquake Research Promotion of the Japanese
govemment released the infomation of high probability (～50%within 10 years from now) of the
impending earthquake to the public (The Headquaters for Earthquake Research Promotion, MEXT, Japan,
2003)･ The last earthquake (the M7･4 Miyagi-Oki earthquake) occurred in 1978. Seno et al. (1980)
showed that fわcal mechanism of the 1978 M7･4 (on the JMA scale) Miyagi-Oki earthquake is thrust-type
and the seismic moment is 3･1 x 10 20 Nm･ They also proposed two- and three-segment fault models to
explain the seismograms of both far and nearby stations･ Recent research oninterplate earthquakes east off
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northeastem Japan (Nagai et a1., 2001, Okada et a1., 2003a, Yamanaka and Kikuchi, 2003, Matsuzawa et a1.,
2004, Hasegawa et all, 2005) suggests the existence of asperities along the plate boundary in this region.
Asperities are persistent areas of strain accumulation that prevent slippage in interseismic period, but cause
km
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Fig 1 I Hypocenters of the 2005 Miyagi-Oki earthquake (M7.2; blue star), the 1978 Miyagi-Oki earthquake
(M7･4; red star), and the?oTresponding aRershocks (blue circles and red crosses, respectively). Gray circles
denote background seismlClty in the period from August 1 6, 2002 to May 2005 according to the Japan
Meteorological Agency (JMA) catalog. (Upper) Epicenter map showing the locations of the 1933 (M7. I ),
I 936 (M714)and 1937 (M7. I) earthquakes (gray stars) according to the JMA catalog. Blue contour lines
denote bathymetry･ Moment tensor solution of the 2005 earthquake by F-net, NIED, Japan is also shown by
lower hemisphere projection･ (Lower) Across-arc vertical crosysection (A-A') of the earthquakes showing the
lateral extent of land area (bold line) andthe trench axis (blue Inverted triangle).
large slip upon failure, leading to earthquakes at repeated intervals. From GPS observations, it is estimated
that large back slip occu汀ed befわre the 2005 Miyagi-Oki earthquake in the reglOn around the hypocenter,
where the plates were in tight contact (Suwa et al･, 2004, Hasegawa et a1., 2005). Although the magnitude
of this earthquake was slightly smaller than those of the major earthquakesinthe past, the hypocentral
position was close to that determined for previous earthquakes･ It is important to clarify the relationship
between this latest earthquake and past Miyagi-Oki earthquakes in order to understand the mechanism of
occurrence of earthquakes at plate boundaries and to predict the location and the size of the next earthquake
in this area･ In the present study, the distributions of aRershocks and coseismic slip of the latest 2005
earthquake are investigated and compared with those for the last 1 978 earthquake.
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2. ARershock distribution
The aim of the present research is to compare the aftershock distributions of the 2005 earthquake
with that of the 1 978 earthquake. The hypocenters are detemined by the double-difference method
(Waldhauser and Ellsworth, 2000)using travel-time differences between earthquakes at each station. This
method resolved the relative hypocenters of many earthquakes･ We relocated the 1 978 earthquake and its
343 aRershocks within 2 days of the main shock, and the 2005 eventand its 132 aflershocks within 2 days
of the main shock･ Hypocenters of 1 1 50 earthquakes that occurred from January 2002 to August 1 5, 2005
are also relocated as background seismicity. We used P-wave arrival time data which were recorded at 1 33
stations of the seismic network maintained by various universities, the JMA, and Hinet of the NIED. The SI
wave arrival times recorded for the 1 978 earthquake are considered to be of poor･ accuracy due to saturation
of the wavteformS･ Therefore, only P-wave arrival timesare employed in this study･ Fourteen stations were
common during both the 1 978 and 2005 earthquakes, allowlng the relative hypocentral positions to be
determined between the 1 978 and 2005 earthquakes, as well as between the aRershocks of each event.
Standard error of the relative location is estimated to be about 3km. The velocitystructureused in
hypocenter determination is that of Hasegawa et al. (1978). Note that, as most of the stations adopted in the
141 3OIE　　　　142 00-E　　　　142 3DIE　　　　143 00-E 141 30'E　　　　142 00■E　　　　142 30'E　　　　143 00■E
Fig･ 2 (a) Hypocenters of the 2005 Miyagi-Oki earthquake (M7.2; blue star), the 1978 Miyagil0ki earthquake
(M7･4; red star), and the corresponding aftershocks (blue circles and red crosses, respectively). Gray points
denote relocated background seismicity(January 20021August 1 5, 2005). (a) The 2005 event. (b) The 1978
event. (C) Background seismicity. (d) all the events.
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present research are located on land, and thus are not just above the hypocentral reglOn, the accuracy of
depth determinations for offshore hypocenters needs to be considered, although epicenters can be
accurately determined to some extent even without the offshore seismic stations (see Okada et a1., 2004).
The distributions of the mainshocksand anershocks are showninFig･ 2･ The main shock of the
2005 earthquake was closely locatedTto that of the 1978 main shock･ Spatial extent of the aRershock area of
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Fig･ 3 (a) Coseismic slip distribution for the 2005 Miyagi-Oki earthquake (blue contours; 0. 1 5 minterval) and
(b) the 1978 Miyagi10ki earthquake (red contours; Yamanaka & Kikuchi, 2004; 0.3m interval). (C) The 31
segment fault model of the 1 978 Miyagi-Oki earthquake (quadrangles; Seno et a1., 1980). The amount of
coseismic slip is 412m, 2･Omand 213m onthe lst, 2nd and 3rd segments, respectively･ Locations ofaRershocks
of the 1978 and 2005 earthquakes are also shown.
the 2005 event is 80km and 40km in dip and strike directions, respectively･ High aftershock activity was
observed in the central part of the aRershock area, which is located to the north-west of the mainshock
hypocenter･ The aftershock area of the 2005 event is overlapped with the southern/south-eastem part of
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that of the 1978 event･ The positions ofaftershock clusters in the 2005 earthquake are in good agreement
with the positions of clusters f♭r the 1978 earthquake, and co汀eSpOnd closely with the positions of clusters
in the background earthquake distribution. Such agreement in the spatial distributions of a允ershocks has
also been reported for the 1 968 Tokachi-Oki earthquake and the 1 994 Sanriku-Haruka-Oki (far offshore of
the Sanriku Coast) earthquake (Nagaiet al･, 2001 ), and the 1966 and 2004 Parkfield earthquakes
(Hardebeck et al･, 2005, Langbein et a1., 2005). This is though to be due to the long-term persistence or
large asperity and its surrounding numerous small asperities (Matsuzawa et a1., 2004, Hasegawa etal.,
2005)こ
A complementary relationship between the distribution of coseismiC slip ln an earthquake and the
aflershock distribution has also been reported in previous researches (Mendoza and Hartzell, 1988, Nagai et
a1., 200.1, Okada et a1., 2001, 2003b, Seno, 2003), )n the present case, the complementary relationship
between the coseismic slip distribution and the a允ershock distribution of the 1978 earthquake is not so
clear (Fig･ 3 (b), (C))･ However, the aRershock activity along the northem portion of this region was
relatively low in the 2005 event compared to the 1978 event. From the partial overlap between the 1978
aRershock distribution and the 2005 aftershock distribution, it can be thought that the coseismic slip area of
the 2005 earthquake does not extend further north than that of the 1978 earthquake, and that the coseismiC
slip areas by the two earthquakes partially overlap. The coseismic slip regIOn Ofthe 2005 earthquake is thus
considered to co汀eSpOnd to at least the southeastem part of the 1978 earthquake coseismic slip reglOn.
3. Coseismic slip distribution
The coseismic slip distribution or the 2005 earthquake was determined by uslng the seismic
wavefbrm inversion method developed by Fukahata et al. (2003) and Yagi et al. (2004). Broadband
wavefbms斤om the Data Management System or the lnco叩Orated Research Institutions fわr Seismology
(IRIS-DMC) were employed as data. A total or 24 stations are distributed azimuthally well around the
hypocenter (Fig. 4). The wave forms are 80s long, starting lOs prior to PIWaVe arrival, and were
processed by a 0.01-I Hz bandpass filter. The fault plane was assumed to have a strike of 198.2o and dip
of 22.20 based on results from AQUAICMT, NationalResearch Institute for Earth Science and Disaster
Prevention (http://www.bosai.go.jp). The fault plane was modeled as a 1 35 km x 1 35 km plane consisting
of 81 sub-faults of 15 km x 15 km. The earth structure model used to compute the teleseismic body wave
is based on the Jeffreys-Bullen model.
The coseismic slip distribution obtained by this inversion reproduced the observed wave form well
(Fig･ 4)･ The coseismiC slip distribution was centered to the northwest of the hypocenter, extending
approximately 30 km in the dip direction and 20 km in the strike direction (Fig. 3 (a)). Fig. 3 (b) and (C)
show the coseismic slip distribution by Yamanaka and Kikuchi (2004) and the three-segment fault model
by Seno etal･ (1980) of the 1978 earthquake, respectively. The coseismic slip region of the 2005




estimated maximum slip in the 2005 event was l･5 m･ From the estimated relative velocity between the
plates, 8 cm/yr (Seno et al･, 1996), this estimated maximum slip corresponds to less than the 2.2 m or
relative displacement between plates that should have occu汀ed in the 27 years since the last 1978
earthquake･ The rupture continued fわr approximately 20 S･
The coseismic slip distribution determined from GPS observations (Miura et a1., 2005) exhibited a
similar correspondence with the southeastem part of the coseismic slip reglOn Ofthe 1978 earthquake, and
is in general agreement with the a鮎rshock distribution and coseismic slip distribution detemined in the
present research.
4. Conclusions
The present study resolved the aRershock distribution of the M7･2 Miyagi-Oki earthquake on
August 1 6, 2005･ The hypocenters were determined by the double-difference method, and were compared
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with the aRershock distribution of the previous M7･4 1978 earthquake･ The coseismic distribution was
determined by seismic wave form inversion andalso compared with that of the 1978 earthquake･ The
coseismic slip reglOn Of the 2005 earthquake appears to co汀eSpOnd to the southeastem part of the
coseismic slip reglOn Of the 1978 earthquake, suggesting that the coseismic sHp ln part involved re-
activation of the coseismic slip reglOn Ofthe 1978 event.
Umino et al･ (2005) relocated the main shocks and aftershocks for the 1933, 1936 and 1937
Miyagi-oki earthquakeswith M > 7, and have suggested the possibHity that the aftershock distribution of
the 1 936 event is similar to that of the 2005 earthquake･ They further showed that the combined aftershock
distribution of the 1933, 1936 and 1937 earthquakes is in close agreementwith that of the 1 978 earthquake･
One possible interpretation orthese results is that the 1978 earthquake involved the simultaneous rupture of
the plural asperities which are in close proximity with each other, while the 1933, 1936 and 1937
earthquakes as well as the 2005 earthquake occurred due to rupture of asperities in a more limited region
within the group that failed in the 1978 event･ These results propose a hypothesis that several asperities
e丈ist offshore of MiyagiPrefecture, and that those asperities rupture repeatedly at sometime simultaneously
and at other time separately･ Note that the amount of coseismic slip during the 1978 event in the lst
segment, which almost comSpOnds to the source area of the 2005 event, is estimated to be as large as about
4 m斤om the three-segment model by Seno et all (1980) although rather small slip (less than 0.3m) is
estimated in and around the source area orthe 2005 event by Yamanaka 皮 Kikuchi (2004). lfwe employ
the three-segment model by Seno etal･ (1980), we can infer that the 2005 event re-ruptured one of the
asperities which caused the 1978 M7･4 event. More careful studies on the relative locations of the
coseismic slip distributions of the 2005 and 1978 events are necessary to conclude whether or not the 2005
event have actually reィuptured one of the asperities responsible f♭r the 1978 event. To凡Irther
understanding of the mechanism of interplate earthquakes, the main shock positions, aftershock
distributions and coseismic sup distributions of the past MiyagiーOki earthquakes should be redetermined
with greater accuracy and inte叩reted･
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Revisit to the 1930S'three Miyagi-oki earthquakes with magnitude more
than　7 : Possible rupturing of asperities that caused the 1978 M7.4
Miyagi-oki earthquake
Norihito Uminol, Toshio Konol, Tomomi Okadal, Junichi Nakajiml, ToruMatsuzawal, Naoki
Uchidal, Akira Hasegawal, Yoshiaki Tamura2 and Gen Aoki3
1Research Center for Prediction of Earthquakes and Volcanic Eruptions, Graduate School of Science, Tohoku
University, Aramaki Aza Aoba, Aoba-ku, Sendai, Miyagi980-8578, Japan
2NationalAstronomical Observatory of Japan, Hoshigaoka 2- 1 2, Mizusawa, -牝ate 023-086 1 , Japan
3sendaiDistrict Metebrological Observatory, Gorin 1 -3- 1 5, Miyagino-ku, Sendai, Miyagi983-0842, Japan
Hypocenters of main shocks and a允ershocks of the 1933 M7.1, 1936 M7･4, 1937 M7･l and 1978
M7.4 Miyagi-oki earthquakes are relocated by using S-P times reported in the Seismological Bulletin of the
Japan MeteorologlCal Agency and those re-read in orlglnal smoked-paper seismograms obseⅣed at
Mizusawa station of NationalAstronomical Observatory of Japan (NAOJ) and at Mukaiyama station of
Tohoku University･ In order to reduce the error caused by inaccuracy of the time and insufficiency of the
number of seismic observation stations, we tried to determine hypocenters by uslng a grid search method
assumlng that those events occurred at the boundary between the subducting Pacific plate and the
ove汀iding plate. Main shock epicenters of these fわur earthquakes are dete-ined close to each other,
meanwhile distributions of their aRershocks seem to disperse on the upper boundary of the Pacific plate.
Their distributions show that aftershock areas of 1933, 1936 and 1 937 events partly overlapwith that of the
1978 event and occupy its eastemmost, central and westemmost portions, respectively. This suggest that
the 1933, 1936 and 1937 events possibly ruptured a part of the source area or the 1978 event, Le･, its
eastem, central and westem portions, respectively.
I. ITItrOduction
An M7.2 inperplate earthquake occurred in the Miyagi-oki reg10n, nOrtheastem Japan, at 1 1:46 on
August 16, 2005. 1n this Miyagi-oki reglOn, large inte叩iate earthquakes with magnitude or -7･5 have
occurred repeatedly at a recurrence intervals of ～37 yrs (The Headquarters for Earthquake Research
Promotion, MEXll Japan, 2001). The previous Miyagi-oki earthquake occu汀ed on June 12, 1978, with
magnitude 7.4. Okada et al. (2005) estimated locations or the main shocks and a触rshocks of the 2005
M7.2 and 1978 M7.4 events using a double difference hypocenter locationsalgorithm (Waldhauser and
Ellsworth, 2001). They revealed that the aRershock area of the 2005 earthquake is partly overlappedwith
the southem/southeastern part of that of the 1978 event･ Coseismic slip area of the 2005 event is also partly
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Overlappedwith that of the 1978 event, suggesting that the 2005 event ruptured a part of the source area of
the 1978 event.
The second previous Miyagi-oki earthquake occurred on November 3, 1936with magnitude 7.4 (The
Headquarters fわr Earthquake Research Promotion, MEXTI Japan, 2001). Yamanaka and Kikuchi (2004)
estimated the coseismic slip area of this event byinvertlng Seismic wave form data observed at two nearby
stations･ lt was adjacently located to the southeast of the source area of the 1978 event. Recently Tanioka
and Hasegawa (2005) estimated a seismic moment of the 1936 event as to be 0.68xl020 Nm (Mw7.2)斤om
tsunamiwaveform inversions･ Moreover, two M7･I earthquakes occurred on June 19, 1933 and July 27,
1937 in adjacent regIOnS Ofthe 1936 event.
Recent research on interplate earthquakes east off northeastern Japan suggest the existence of
asperities on the plate boundary in this region (Nagaiet a1., 2001; Okada et a1., 2003; Yamanaka and
Kikuchi, 2003, 2004; Matsuzawa et al･, 2004; Hasegawa et a1., 2005). Asperities are distributed in patches
surrounded by stable sliding areas and aseismic slip in the surrounding stable sliding areas results in the
accumulation of stress at the asperities.Asperities cause large slip upon failure, leading to earthquakes
when the accumulated stress reaches the strength limit of the asperity, Consequently, relative locations or
the coseismic slip areas of these I930S'earthquakes and that of the 1978 earthquake offer the key to
understanding of the mechanism of occurrence of interplate earthquakes and to predicting the location and
the size of the next Miyagi-oki earthquake･ However, precise estimation of the coseismic slip areas for
these 1930S'events is not easy because of the lack of suirICient wave form data･ Instead, We investlgated the
distribution of aftershocks or the I 930S'earthquakes and compared with those orthe 1978'S, assumlng that
the aRershock area nearly correspondswith the source area of the main shock.
2.Data
Arrival times of P- and S-waves for previous earthquakes are available in the SeismologlCal BuHetin
of the Japan Meteorological Agency (JMA). We tried to estimate hypocenters of the previous Miyagi-oki
earthquakes斤om these P- and S-wave a汀ival times. There is some questions as to accuracy of the time of
the previous arrival time data because of the seismologlCal observation system at that time. Consequently,
S-P time data alone are used fわr locatlng hypocenters in this study. Locations or observation stations of
JMA, whose S-P times are used in locating hypocenters, are shown by open squares in Fig. 1.
S-P times at Mukaiyama station, Tohoku University and those at Mizusawa station, NAOJ are
re-picked on the orlglnal smoked-paper seismograms in this study. Locations of Mukaiyama and Mizusawa
stations are also shown by solid squares in Fig.1. Relation between P-0 times and S-P times, i.e., Wadati's
diagram, at Mizusawa station from aftershocks of the 1930S'Miyagi-oki earthquakes are shown in Fig.2.
The Wadati's diagram at Mizusawa based on arrivaltimes listed in the Bulletin of SeismologlCa)
Observations at Mizusawa (The International Latitude ObseⅣatory of Mizusawa, 1984) is shown in Fig.2
(a)･ On the other hand, the Wadati's diagram based on the arrival times re-picked in the present study is also
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shown in Fig･2 (b)･ Less scattered distribution ofa汀ival times are clearly shown in Fig･2 (b); consequently,
we adopted those S-P times at Mizusawa station instead of those listed in the SeismologlCal Bulletin of the
JMA for locating hypocenters･ Addition of S-P time data at Mukaiyama station re-picked in the present
study is also contributed to hypocenter locations.
Assumlng that those previous Miyagi-oki earthquakes took place on the plate boundary, focal depths
of them and their aRershocks are fixed to be on the surface of the Pacific plate there･ Location of the plate
boun血γ is deduced斤om a触rshock distribution dete-ined by OBS obseⅣation conducted just a触r the
occurrence of the 2005 Miyagi-oki ea仙quake (Hino et al･, 2005)･ In order to avoid errors caused by
insu用ciency or the number of seismic obseⅣation stations, we tried to dete-in° hypocenters based on a
grid search method by uslng S-P time data･ Grid intervals are 2 km both in horizontal and vertical
directions･ Theoretical S-P times are calculated based on the velocity model adopted in the routine
procedure of the Tohoku University seismic network (Hasegawa et a1., 1978).
3. Epicenter distribution of the main shocks and aftershocks
Epicenters of the main shocks and aftershocks are estimated from the grid search method based on
SIP times･ assuming those eventsare the interplate earthquakes･ Number of valid S-P time data generally
varieswith the magnitude of events･ We estimated epicenters of the a鮎rshocks from at least four of S-P
time data.
Obtained epicenters of the main shocks and altershocks of the three 1930S'events and the 1978 event
are shown in Fig･3･ Star shows the eplCenter Ofthe main shock･ Squares, open circles, diamonds and solid
circ)es denote the epICenterS Of aftershocks of the 1933, 1936, 1937 and 1978 events, respectively･ Open
triangles show the epICenterS Of aRershocks listed in the SeismologlCal Bulletin of the JMA. Since
detectability ofJMA network in 1930S'was very low, aftershocks that occurredwithin one month aRer the
main shock occurrence are shown in Figs.3 (a),(b) and (C). In the case of the 1978 event, aftershocks that
occurred within 3 days are shown in Fig･3 (d)･Assuming that those M～7 earthquakes are interplate
earthquakes, focal depths of the 1937 earthquakes should be more deeper than those of the 1936 and 1933
earthquakes･ Tt is very consistentwith no/very small tsunamicaused by the 1937 earthquake and clear
tsunamicaused by the 1936 earthquake (Tanioka and Hasegawa, 2005).
ARershock distribution of the 1930S'and 1978日iyagi-oki earthquakes are revealed from the grid
search method based on S-P time data･ Figure 4 shows main shock and a触rshock distribution orthe fわur
M～7 Miyagil0ki earthquakes･ Aftershock areas of these M～7 earthquakes are estimated from their
aftershock distributions and are encircled by e日ipses in Fig･4･ The estimated aftershock areas of the three
1930S'events are partly overlappedwith the eastern, Southern and westem part of that of the 1978 event,
respectively･ The combined aftershock area of the three 1930S, earthquakes is in close agreementwith that
orthe I 978 earthquake.
The moment magnitude of the 1 936 event estimated from tsunamiwaveform inversion (lbnioka and
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Hasegawa, 2005) is Mw7.2, which is significantly smaller than MJMA7.4 listed in the Seismological Bulletin
of the JMA. lt is one of the possible inte叩retations of the present obseⅣation that the 1978 M7.4
earthquake involved the simultaneous rupture of at )east three major asperities which are adjacent to one
another, meanwhile the 1933, 1936 and 1937 earthquakes are caused by a rupture of each asperity in the
Miyagi-oki reglOn.
Okada et al. (2005) relocated the mainshocks and aftershocks of the 1978 M7.4 and 2005 M7.2
Miyagi-oki earthquakes by the double-difference hyp∝enter location algorithm and revealed that the 2005
event took place in the southern/southeastern part of the source area of the 1978 event. The moment
magnitude of the 1936 event estimated from tsunami data is Mw7.2, which is almost the same as that of the
2005 M7.2 event. Comparison of the location orthe source area and the叩agnitude orthe 1936 event with
those of the 2005 event suggests the possibility that the 2005 event may be caused by reィupturing of the
asperity that caused the 1936 event in the past.
From these results, it may de said that there are severalasperities offshore of Miyagi Prefecture, and
that those asperities rupture simultaneously at one time: sometime: e.g. at the occurrence of the 1978
Miyagi-oki earthquake, and rupture severally at other times: e.g. during the sequence of the 1930S'
earthquakes. 1n the case orthe 2005 earthquake, only a souther〟Southeastem asperity might have ruptured
on August 16 2005. There is room for further investigation about the amounts of coseismic sHp
distributions of the 1930S'M～7 earthquakes. lf we knew precise locations of asperities that caused the
1930S'and 1978 earthquakes, we would be a step closer to further understanding of the mechanism of
inte叩late earthq uakes.
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Fig.I. Map showing obseⅣation
stations used in the present study.
Stations of Japan MeteorologlCal
Agency (JMA) are shown by
open squares. Solid squares
denote Mukaiyama station,




re-read in this study. Star denotes
tbe eplCenter Ofthe 1978 event.
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S-P tlme (ThIS Study)
Fig.2. Wadati's diagrams at Mizusawa station for aftershocks of the 1933, 1936 and 1937
Miyagi10ki earthquakes. Squares, circles and diamonds denote arrival time data of
a氏ershocks of the 1933, 1936 and 1937 earthquakes, respectively. (a) P-0 times plotted
against S-P times using those listed in the bulletin of Mizusawa station. (b) p-0 times
plotted against S-P times uslng those re-picked on the original smoked･paper
seismograms in this study.
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Fig.3. Epicenter distribution of main shock and a触rshocks. Stars denote locations of the main shocks
estimated from SIP times in this study. Triangles show locations of aRershocks estimated by JMA. (a)
Distribution of aRershocks of the 1933 earthquakewithin one month (squares). (b) Distribution of
aftershocks of the 1 936 earthquake within one month (open circles). (C) Distribution of aftershocks of
the 1937 earthquake within one month (diamonds). (d) Distribution of aftershocks of the 1978




Fig･4･ Epicenter distribution of mainshocks and aftershocks of the previous M～7 Miyagi-oki earthquakes.
Solid squares, solid circles, Solid diamonds and gray circles denote epICenterS Of aftershocks of the
1933, 1936, 1937　and 1978　earthquakes, respectively. Estimated attershock areas of these
earthquakes are roughly encircled by ellipses. The combined a氏ershock area of the three 1930S'
earthquakes is in close agreement with that of the 1978 earthquake.
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Abstract
The hypocenter distribution of the 2005 0ffMiyagiPrefecture Earthquake and its a氏ershocks is
estimated by uslng five ocean bottom and six onshore seismic stations data around the rupture area of the
earthquake. The epicenter of the mainshock is relocated at (38･17oN, 142･18oE) and the focal depth is
estimated to be 3715 km･ The aftershocks surrounding the mainshock hypocenter forming a Several clusters
concentrate along a distinct landward dipping plane corresponding to the plate boundary lmaged by the
previous seismic experiment･ The strike and dip angles of the plane agree well to those of the fわcal
mechanism solution of the mainshock･ The size of the plane is about 20 X 25 km2, in strike and dip
directions, similar to that of the large coseismic slip area･ The up dip end of the planar distribution of the
aftershocks corresponds to the bending point of the subducting oceanic plate, suggesting that the geometry
of the plate boundary affects the spatial extent of the asperity of the 2005 earthquake･
I. Introduction
The landward slope area orthe Japan Trench subduction zone is characterized by active inte叩late
seismicity and large earthquakes with magnitudes more than seven have occurred repeatedly･ Yamanaka
and Kikuchi (2004) have shown that these large interplate earthquakes are repeatingruptures of asperities,
areas of large coseismic slip but locked during interseismic periodalOng the surface of the subducting
Pacific plate･ Tn the middle part of the subduction zone, the M 7･5 class earthquakes offMiyagl Prefecture
are known to occur with a recurrence inteⅣal of about 40 years. The most recent event of this earthquake
sequence occu汀ed in 1978, 27 years ago斤om now, and the Japanese government announced that the
probability of the occurrence of such a M 7.5 class earthquakewithin next ten years is about 50 % (HERP,
2003). On August 16 2005, an earthquake of M7.2 Occurred offMiyagiprefecture･ The focal mechanism
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Solution of the earthquake was ofa thrust fault type (e.g. FINet, NIED, 2005) indicating that this event was
an interplate earthquake, but its seismic moment was 5･4 x 1019 Nm (e･g･ F-Net, N-ED, 2005), significantly
smaller than that of the earthquake forecasted to occur. Okada et al. (2005) proposed that the 2005
earthquake was a re-rupturing or the one or the asperities of the preceding 1978 earthquake. lf this is the
case, the rupture area orthe 2005 is an asperity that ruptures repeatedly in the consecutive earthquakes and
it is very Important tO reveal its exact location to understand the natures of asperities.In order to clarify the
spatial and temporaldistribution of the seismicity around offMiyagl Prefecture area, We have made a series
of ocean bottom seismographic obseⅣations since 2002 by repeating deployment and retrieval or pop-up
type ocean bottom seismographs (OBSs). At the occurrence of this earthquake, 1 5 0BSs were in operation.
After the occurrence of the M 7.2 earthquake, we decided to retrieve five OBSs deployed around the
epICとnter to know the precise hypocenter locations of the mainshock and subsequent aftershocks as soon as
possible･ This paper describes preliminary results of the hypocenter determination usingthe five OBSs data,
which were retrieved 12 days after the mainshock occurrence, to show the location and geometry of the
fault ruptured by the 2005 earthquake. Since some of the OBSs observlng the 2005 earthquake are in
operation until May 2006, wewill present final results uslngall the OBS data aRer that.
2･ Data and Analyses
The OBSs used in this study are of a free-fall/pop-up type developed by Kanazawa and Shiobara
(1994), equipped with a three component geophone･ The seismic wavefb- data are continuously recorded
onto hard disk drives after A/D conversion (20bit/128Hz) The timing accuracy is keptwithin 0.05 see by
using a high precision quartz oscillator calibrated to a GPS clock before and after the observation. The
OBSs were deployed in July 2005 by RノV Ko凡トmaru and were retrieved by RノV Yokosuka in end or
August, 12 days aRer the occurrence of the 2005 0ffMiyagi Prefecture Earthquake, providing continuous
wavefbrm records什om July 13 to August 28･ The locations of the OBS stations are shown in Fig. 1 and
Table. 1, and they were obtained by acoustic triangulation measurements.
1n this study, we relocate the hypocenters of the mainshock occurred at ll:46 on Åug. 16 and of
aftershocks taking places until August 24. the occurrence of another large (M 6.3) earthquake near the
Japan Trench. Since the epicenter of this earthquake is too far (38.44oN, 143.09oE, according to the Japan
Meteorological Agency catalogue) from the OBS network to locate precisely even using our OBS data, we
did not relocate hypocenters of this M 6･3 earthquake and its a角ershocks in this study. We picked the P and
S waves arrival times of the target events from the OBS records and also from records of six onshore
stations (Fig･ 1 and Table. 1 ) nearby the aftershock region. operated by Tohoku University and JMA.
Using the picked arrival time data, hypocenters were calculated assumlng 1-D seismic veloctty
structure models shown in Fig1 21 Firstly, absolute arrival time data were inverted for hypocenter locations,
and then we applied the double-difference (DD) method (Waldhouser and Ellsworth, 2000) to the
caclulated hypocenters for obtaining the fhal hypocenter distribution. We referred to the Vp structure
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model estimated by the marine seismic exploration conducted in this area (]to et a1., 2005) and a Vp/Vs
ratio oH.73 is assumed.
For the a汀ival time data at the OBS stations, we applied co汀eCtions to account fわr the travel time
delays due to the sedimentary layerwith very low Vp and Vs cover]ng the ocean floor･ The delay times for
P and S waves can be estimated from the Vp, Vs and the thickness of the layer. The Vp and Vs are assumed
to be constant and 2･O and O･57 km/S, respectively, and variation of the sediment thickness is estimated
from the arrivaI time difference between the P wave and the S waves converted from the P wave at the
basement of the sedimentary layer (e.g., Hino et a1., 2000), for each of the OBS stations. Observed PSIP
times for five OBS stations are tabulated in Table. 1.
The hypocenter coordinates calculated from the arrival time data thus corrected assumlng the 1 -D
velocity structure were used as the initial locations of the hypocenters in the DD location analysis･ Double
differences of the travel times are measured for the event palrSwith separations of less than 1 5 km. We did
not apply any cross correlating measurements to get the travel time differences･ They were obtained from
the a汀ival time data picked by operators･ Both P and S waves data were used in the DD hypocenter
relocation.
3. Reslllts
ln Fig･ 1, the eplCenterS determined by the ordinary hypocenter locations uslng absolute travel
times are shown･ Hypocenters with rms travel time residuals of less than O･3 s are plotted･ The relocated
eplCenterS Show more compact distribution than those舟om the JMA catalogue･ Although no systematic
differences are recognized between the relocated and the catalogued aftershock distribution, the eplCenter
of the mainshock is relocated at (38･17oN, 142･18oE), about 8 km west of the epicenter reported by JMA.
Although the catalogued mainshock epicenter is located at the eastern edge of the aRershock distribution,
the relocated one is in themiddle of one of the aftershock clusters.
The fわcal depth distributions according to the JMA catalogue and relocated by uslng the OBS data
are shown in Figs･ 3a and 3b, respectively･ lt is evident that the resolution of focal depths is considerably
improved by uslng the OBS data･ Most of the relocated hypocenters are concentrated along a landward
dipping plane corresponding to the fault plane of the mainshock, the plate boundary･ The hypocenter of the
mainshock by JMA is dete-ined below the landward dipping a触rshock plane (Fig. 3a) and remains
below the a允ershock distribution even the OBS data are included (Fig. 3b). But the focal depth of the
mainshock is determined almost the same as the surrounding aRershocks when we use only P wave arrival
time data (Fig･ 3C), indicating that the S arrivaltime data account for the deeper hypocenter of the
mainshock.
Fig. 3d show travel time residuals of P and S waves for the mainshock and the aftershocks whose
locations arewithin 2 km distance from the mainshock･ The residuals are calculated using the hypocenter
locations detemined by the P wave a汀ival time data only･ The S residuals are 一ess than 0.5 s fわr most orthe
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aftershocks even the hypocenters are determined without S wave data, indicating the Vp/Vs ratio assumed
for our hypocenter determination is reasonable･ Notwithstanding this, the residuals for the mainshock
exceed 1 s at many seismic stations and amount to more than 2 s fわr several stations. For this reason, We
excluded the S arrival times of the mainshock from our data set.
Figure 4 is the hypocenter distribution of the mainshock and aRershocks of the 2005 0ffMiyagl
Prefecture Earthquake･ Gray dots are the results of the ordinary hypocenter determination･ Using these
hypocenters as the initiaHocations, We applied the DD location method to obtain black dots in the figure･
The hypocenter location orthe mainshock did not move substantially by the DD relocation analysis･ The
focal depth of the mainshock is estimated to be 37.5 km.
The epICenterS Ofthe mainshock and a number of the aftershocks form an -L■ letter shaped clusters
(we 6a)1 this Hmain cl'uster･･ hereafter)･ Two arms of the -L- are orthogonal to each other and have almost the
same length, about 15 km･ The mainshock is included in the WNW-ESE trending am･ The hypocenters
belonglng tO the main cluster and its surrounding area, with about 20 and 25 km spans in strike and dip
direction, Concentrate well to a landward dipping plane･ The plane has a strike of 1970 and a dip or 240,
and its depth ranges from 30 to 45 km. It is interestlng that the directions of the two arms almost
coincide with the strike and dip direction orthe landward dipping plane･
The aRershocks activity outside the p)anar structure zone is quite sparse and few evident clusters
can be seen and it is difficult to image the overall shape of the a鮎rshock distribution due to the sparsenessI
The hypocenters in the western part seem to be along the extension or the plane of the main cluster
aftershocks down to about 50 km depth although focal depth distribution is more di仇lSed than in the main
cluster･ To the east of the main cluster, there are two active clusters･ The hypocenters in these clusters are
more scattered in fわcal depths and do not seem to fbm a plane structure.
4. Discussion
The L-shaped main cluster and its surrounding aRershocks show distinct planar structure and the
dip and strike orthis plane coincide well to the fわcal mechanism solutions･ For example, the dip and strike
of the F-net solution are 22o and 1970, respectively. tn Fig. 4, the coseismic slip of the 2005 0ffMiyagl
Prefecture Earthquake determined by te]eseismic wave form data (Yaginuma et a1., 2005) and spatial extent
of the rupture area is almost the same as the size of the plane shaped aftershock distribution. These
correspondences suggest that the aftershock distribution obtained by this study renects exact )ocation of the
asperlty Of the 2005 earthquake.
The planar structure of the aRershocks is terminated by the NNE-SSW trending arm of the
L-shaped main cluster and the hypocenters east of the cluster show diffused focal depth distribution. This
suggests that the NNE-SSW am marks the up-dip limit of the rupture area or the mainshock and the
aftershocks in the eastem part may occur off the plane of the mainshock rupture, possibly within the
subducting oceanic crust･ ln Fig･ 4, the rupture area estimated by the teleseismic data extends more to the
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east than the location or the NNE-SSW trending a- and this seems to contradict to our inte叩retation･
However the coseismic slip distribution may be shifted eastward compared to our a鮎rshock distribution
because Yaginuma et al 【2005] assumed that that the mpture was started at the hypocenter location by JMA,
about 8 km east of the relocated hypocenter･ Tf they took the relocated hypocenter as the point of the
rupture initiation, the eastward limit of the coseismic rupture should be coincide with the location of the
NNS-SSW lineation of the aftershocks Tt is often reported that the aftershock activity tends to be inactive in
the asperity region, where the amount ofcoseismic slip is large (e.g. Scholz, 2002, Hino et a1., 2000). ln the
2005 earthquake case, the aftershocks around the mainshock epicenter concentrate into small clusters and
several areas of low seismicity can be the locations of the asperities mptured by the mainshock･ For
example, the northeast-southwest trending arm of the L-shaped aftershock.distribution seems to split the
asperity imaged by thi teleseismic study (Yaginuma et a1., 2005) into the northern and southern portions,
each of which corresponds to the aseismic zone surrounded by the aftershock clusters1
0kada et al･ (2005) reanalyzed land seismic network data to compare the aRershock distribution of
the 2005 earthquake with that of the 1978 and also with the background seismlC)ty Pattern and pointed out
that the positions of active seismicity show little temporal variations･ This implies the seismic coupling lS
controlled by persistent nature, such as structural heterogeneities along or in the vicinity of the plate
boundary･ In other words, the aRershock distribution ref)ects the spatial variation of the interplate coupHng･
The plane formed by the main cluster events almost coincideswith the plate boundary determined
by the seismic exploration. Although the aftershock plane is slightly deeper than that of the plate boundary
imaged by the seismic renection slgnals, the dip angle is in good agreement･ The focal depths determined
here are heavily dependent on the S-P times at the OBS stations･ Average or the fわcal depths changes
according with the Vp/Vs values used fわr the estimation of station comCtions and the travel time
calculations, almost keeplng the shape of the hypocenter distribution･ However, we have no reliable
information relevant to the Vs of the crust and the sedimentary layer in the offshore reglOn Of the
northeastem Japan, and it is difficult to discuss whether the depth difference between the aftershock plane
and the plate boundary lS Substantial.
lto et al･ (2005) Pointed out that there are two bending points where the dip angle of the plate
boundary changes suddenly and that the eastem edges orthe rupture areas orthe 1978 and 1981 Off MiyagI
Earthquakes comSPOnd to these bending points･ The eastem limit of the planar a触rshock distribution,
which we inte叩ret aS the eastem 一imit of the rupture area of the 2005 earthquake, corresponds to the
location of the bending point of the plate boundary as that of the 1 978 does.Asreviewed by Scholtz (2002),
irregularities of fault geometry･ such as bends,will be impediments to rupture propagation･ The rupture
propagation of the 2005 earthquake may be terminated by the bending of the fault plane located about 10
km up-dip of the hypocenter･ King and Navelek (1985) explain that the termination of the rupture
propagation is caused by the reduction of the stress at the tip of a growing fault by the deformation spread
over a broad zone around the bending point. It is interesting that the aftershock plane is a little thicker at the
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up-dip end (pointed by an a汀OW in Fig. 4b) than the deeper part. The intraplate seismicity can be activated
along the northeast-southwest trending a… of the L-shaped cluster as the result of the rupture temination
prOCeSS･
5. Conclusions
We relocate the hypocenters of the mainshock and aftershocks of the OffMiyagiPrefecture
Eathquake, M 7.2 Occurred on August 16, 2005 by uslng the data obtained by five ocean bottom
seismographs and six onshore seismic stations.
By uslng the OBSs data, spatial resolution or the hypocenter distribution was improved
considerably. The hypocenter of the mainshock is relocated at (38.17oN, 142.18oE) and the focaldepth is
estimated to be 37.5 km, about 8 km landward and 5 km upward of the JMA published hypocenter. The
results ofa hypocenter determination uslng absolute arrival times of P and S waves assumlng aトD seismic
structure model show that the mainshock hypocenter seems to be mislocated irthe S wave a汀ival time data
are included in the inversion.
Using the hypocenters determined by the conventional calcu)ation as initiaHocations, We employ
the DD location method to obtain the aftershock distribution as detailed as possible. Most of the aftershocks
concentrate around the mainshock hypocenter and fbm several cluster. The most active cluster contains the
mainshock hypocenter and has an L letter shape. These aflershock clusters form a distinct landward dipping
plane with 15 and 25 km spans in strike and dip directions, respectively. The strike and dip of the plane are
197o and 240, almost the same as those of the fわcal mechanism solution or the mainshock. The
spatial extent or the plane of concentratlng a氏ershocks may indicate the location of the rupture
area of the mainshock. The aftershocks on the periphery of the rupture area show more diffused
distribution partly due to the off plane aftershock activity.
The location of the plane of aftershock distribution corresponds to the plate boundary
imaged by the previouswide-angle seismic renection experiment. The imaged plate boundary
changes its dip at about 30km depth and the location orthis change seems to agree to the eastward
limit of the in-plane aftershock actlVlty. This correlation suggests that the shape of the plate
boundary controls the spatial extent of the asperlty Orthe 2005 earthquake.
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Table l･ Locations or seismic stations PS-P times used f♭r travel time delay due to the
sedimentary layer.


















Fig･ 1 Epicenter distribution of the mainshock and a触rshocks of the 2005 0ffMiyagi Prefecture
Earthquake･ Epicenters orthe a鮎rshocks occurred until August 24 are plotted･ Gray stars
are the eplCenterS Of the mainshock and an M 6･3 earthquake occurred on Aug･ 24
detemined by Japan Meteorological Agency (JMA). Black star is the mainshock
eplCenter located by the conventional hypocenter detemination of this study･ Dots are
aftershock epicenters (gray: JMA, black: this study). Crosses are the locations of the
seismic stations, flVe Offshore and six onshore･ Focalmechanism solution by F･net NIED
(2005) is also shown･ Focal depth distribution of the hypocenters in the rectangle is shown






Fig. 2　Vp structure models fわr the conventional hypocenter determination uslng absolute travel
time data (solid line) and fわr the double-difference location method (dashed line). In both
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Fig. 3　Focal depth distribution of the mainshock and aftershocks of the 2005 earthquake (a-C)
and a diagram showing relation between travel time residuals f♭r P and S waves (d). a)
Focal depth distribution detemined by JMA. Star and dots are fわr mainshock and
a氏ershocks. b) Focal depth distribution detemined by this study. Both P and S wave
a汀ival times are used. C) Focal depth distribution using only P wave arrival time data. d)
Relation between travel time residuals f♭r P and S wave at each or the onshore seismic
stations. Solid symbols are f♭r the mainshock and open symbols are f♭r aftershocks whose
epICenterS are locatedwithin2 km fTrom the mainshock.
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Fig. 4　Relocated hypocenter distribution of the mainshock and aftershocks of the 2005 Off
Miyagi Earthquake. Gray and black dots are determined by the conventional inversion and
the DD location method, respectively. White star is the location or the mainshock
hypocenter. a) Epicenter distribution. Open circles are the locations or seismic stations.
Black star indicates the epICenter Ofthe mainshock according to the JMA catalogue. Thick
contours show coseismic slip distribution by Yaginuma et al. (2005) with an interval of
O.3 m. b) Focal depth distribution orthe earthquakes in the rectangle shown in a). Solid
circles are locations of the seismic stations projected onto the cross section. Dashed lines
are major layer boundaries estimated by the seismic experiment (Ito et a1., 2005). AM:
Arc's Moho. PB: Plate Boundary, OM: Oceanic crust-s Moho. An arrow polntS the









































































震源決定は, Hino et al.(2006,本報告書)にあるのと同様な手順で行った.すなわち,まず絶対
走時を用いた通常の震源決定法を行い,その結果を初期震源分布としてダブル･ディフアレンス





















く含まれることである.この線状分布する余震群は, Ⅶginuma et al.(2006)が地震波形記録から推
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Co- and post-seismic slip associatedwith the 2005 Miyagi-oki earthquake
(M7.2) as inferred from GPS data
Satoshi Miura, Satsoshi Yui, Naoki Uchida, Toshiya Sato, Kenji Tachibana and Akira Hasegawa
Research Center for PredL'ctL'On of Earthquakes and Volcanic EruptL'ons,
Graduate School ofScie〝ce, Tohoku UniversL'0,, Sendai 980-85 78, Japan
･Abstract:
ーA large earthquake with M7.2 Occurred on August 16, 2005 along the plate boundary off
Miyagi Prefecture. Co一 and post･sesimic deformations associated with this event were
investigated to reveal the causal interplate slips uslng COntinuous GPS data and geodetic
inversion･ The coseismic slip distribution shows good agreement with that estimated by seismic
wavefbrm inversions･ The major slip area is limited to the southeastern part of the rupture area
of the previous 1978 event･ The postseismic slip extended uni･laterally to the south of the
coseismic slip area･ These distinctive features of both the col and post-seismic slips might be
caused by the existence of the locked plate interface, where seismogenic stress has not released
yet, in the northern and southwestern parts of the 1978 rupture area.
Key words: GPS, asperity; subduction zone; interplate earthquake; slip distribution
I. Introduction
Northeastern Japan, where the Pacific plate is subducting at a rate of about 80 mm/yr
beneath the overriding continental plate, is one of the most active areas in seismicity in the world.
Various studies on major interplate earthquakes around this area have revealed that some of
those events can be regarded as recurrent ruptures 0fasperities, which are defined by distributed
patches showing large coseisimc slips (Nagai et a1., 2001; Matsuzawa et a1., 2002; Okada et a1.,
2003･'Yamanaka andKikuchi, 2003, 2004; Hasegawa et a1., 2005).
Earthquakes with magnitudes of about 7･5 0r larger have repeatedly occurred on the plate
boundary east off Miyagi Prefecture (Miyagi･Oki) With an interval of about 37 years. The most
recent one took place in 1978, i.e., the M7.4 Miyagi-oki earthquake (e.ど., Seno et a1., 1980). Based
on historical records of these recurrent earthquakes, the Headquarters of Earthquake Research
Promotion of Japan (HERP) Stated that the next Miyagi･Oki earthquake will occur with a
probability of about 50 % in the next 10 years (HERP, 2003). In response to this seismic hazard
assessment, Tbhoku University established 13 new continuous GPS stations around the source
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area of the 1978 event to complement the nationwide GPS network operated by the Geographical
Survey Institute of Japan (GSI), GEONET (e.g." Miyazaki et a1., 1997).
On August 16, 2005, there occurred an interplate earthquake with magnitude　7.2,
hereafter referred to as the 2005 Miyagi･Oki earthquake. Okada et al. (2005) carried outthe
relocation of a氏ershocks of the 1978 and 2005 events to reveal that the a氏ershock area of the
2005 event is overlapped only with the southeastern part of that of the 1978 event. In addition,
they performed the seismic wave form inversion for the 2005 event to estimate the coseismic slip
distribution and found that it also overlapped with the southeastern part of the 1978 rupture
area.
､ The surface displacement data derived by the dense GPS network demonstrate clear
coseismic deformation together with minor postseismic one. In the present study, we use GPS
data to estimate both co一 and post･seismic slip distributions on the plate boundary by means ofa
geodetic inversion technique (Ⅵlbuki and Matsu'ura, 1992).
2.Data
A nation-wide GPS network, GEONET (GPS Earth ObseⅣation Network System),
operated by the Geographical SuⅣey Institute (GSI) of Japan, includes more than 1200 Stations
distributed all over Japan (Miyazaki et a1., 1997) for the purpose of monitoring regional crustal
deformation. GEONET data are routinely analyzed by using BERNESE software (Hugentobler et
a1., 2001), which is capable of estimating site coordinates by taking double differences of carrier
phase between satellites and receivers to cancel out clock errors of both receivers and satellites.
Recently, taking into account improved models and methods, a new strategy for data analysis has
been applied to demonstrate that the root mean square coordinates are reduced by about 50 %
comparing with the past analysis (Hatanaka et a1., 2003). Daily coordinates obtained from this
new analysis strategy are called F2 solutions and made public.
Tbhoku University has also been conducting continuous GPS observations in the Tbhoku
district, the northeastern part of Honshu island of Japan, since 1987 (Miura et a1., 1993). The
data analysis for the GPS data from sites ofTohoku University has been carried out using a PPP
(Precise Point Positioning) strategy of GIPSY/OASIS-ⅠⅠ (GOA･ⅠⅠ) developed by the Jet Propulsion
Laboratory (JPL), NASA (Zumberge et a1., 1997). The principle of this method is that through the
use of global parameters such as precise ephemerides, clock errors of GPS satellites, and earth
rotation parameters, which JPL estimates precisely based on a global GPS obseⅣation network,
site coordinates can be obtained with highaccuracy using data from only one station. We used
data from both of these networks in this study.
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3. CoseismiC slip distributioTI
Black arrows in Figure 1 denote observed coseisimic displacements associated with the
2005 Miyagi･Oki earthquake at the continuous GPS Stations･ Coseismic displacements are
defined as differences between averaged site coordinates for 5 days from August ll and those
from August 17. Horizontal displacements amounting about 50 mm were observed near the main
shock epicenter. Directions of the coseismic displacements toward the eplCenter Suggest that the
event was a typical interplate earthquake･ We estimate coseismic slip distribution on the plate
interface by applyidg the geodetic inversion technique devised by Yabuki and Matsu-ur且 (1992) to
these obseⅣed displacementS. The shape of the plate boundaⅣ here was proposed by Hasegawa
et al. (1994) and we adopt it in our model for the plate interface. We assumed a curved fault
飢lrface with a dimension of 135 km in strike direction by 120 km in dip direction, and coseismic
slip distribution is evaluated as amplitudes of B･spline basis functions located at　9
(strike･direction) by 8 (dip-direction) grid points. Coseismic slip is constrained to the direction of
the relative plate motion (N65W･Nl15E) plus/minus 15 degrees.
Estimated slip vectors on the hanging wall of the plate interface are shown by blue arrows
and contours with an interval of 0. 1 m in Figure 1. Coseisimc displacements calculated from the
estimated slip distribution are demonstrated by white arrows. The coseisimc slip lS Centered
around the eplCenter Ofthe earthquake denoted by a yellow star. Looking at the area of major slip
shown by the contour ofO.3 m, it covers a southeastern part of the coseisimc slip area of the 1978
event, which was estimated by Yamanaka andKikuchi (2004). This distinctive feature in the
coseiSmic slip distribution is also demonstrated by seismic wave form inversion performed by
okada et al. (2005) and Yaginuma et al. (this issue). The total seismic moment obtained by
integrating the distributed slips shown in Figure 1 amounts to 6.4 Ⅹ 10<19 Nm, which is
equlValent to the moment magnitude of 7･1 and almost identical with the result obtained by
Yaginuma et al. (this issue).
4. Postseismic slip distribution
ln the last decade, there have been many reports of postseismic defわrmations a氏er large
earthquakes that occurred not only at plate boundaries (e.g.,. Heki et a1., 1997; Nishimura et al･,
2000; Hirose et a1., 1999; Miura et a1., 2004) but also inland areas (e.ど. Nakano and Hirahara,
1997) , Owing to the innovation of GPS into geodesy as a powerful tool to measure site coordinates
with exceptionally high accuracy and temporal resolution. Intimate investigation on small
repeating earthquake data by Uchida et al. (2004) also clarified spatio･temporal variation of
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quasi'static, or slow slip on the plate boundary before and after three major earthquakes with
magnitudes around 7 that occurred ofF Sanriku.
Minor postseismic deformatiQn Was also detected after the 2005 Miyagi･Oki earthquake by
discreet processing for the observed time series of site coordinates: a polynomial consisting of
linear trend, annual and semi-annual terms, and coseismic step is fit to the time series for the
period from January I, 2004 to August 17, 2005 by least square method, and then extracted from
raw data･ An example of this processing f♭r a GEONET site, 0550 (Ayukawa) near to the
epicenter is shown in Figure 2･ Examining residuals between raw data and polynomial, eastward
and slightly southward movement is dominant after the main shock･ Postseismic displacements
after major inter-plate earthquakes are often modeled by afterslips on plate boundaries and
characterized by decaying feature with time. Marone et al. (1991) proposed a model for afterslip
based on rate and state variable friction laws suggesting that temporal characteristics ofafterslip
can be approximated by a logarithmic function･ In Figure 2, we can see decaying feature in the
site velocity a洗er the main shock ; however, its quantity seems to be too small to discuss in detail.
We then fit regression lines to the time series for the period from August 17 to October 22 to
obtain postseismic velocities of each displacement component.
Black arrows in Figure 3 indicate postseismic displacements derived from the site velocity
multiplied by the length of the period (67 days). Because of the weakness of the postseismic
slgnanature, irregular distribution of displacements is noticeable comparing with the coseismic
displacements (Figure 1)･ However, there exists a systematic pattern in the distribution showing
larger displacements near the source area along the Pacific coast, while smaller ones in the
northern, the southern, and the western areas･ This suggests that the postseismic displacements
arise from a physical process occurring around the source area of the main shock. We theref.re
assume that the postseismic deformation iS Caused by afterslip on the plate interface and apply
the same inversion technique as the coseismic case using the postseismic displacements shown
by black arrows in Figure 3･ We adopted the same parameters for the inversion except for a
larger dimension ofa model fault, 250 km by 250 km in the first trial, because we do not know
where the afterslip occurred･ We found thatthe afterslip has a spatial extent of about 100 km by
100 km after some trials and finally deployed a fault dimension of 145 km by 145 km to cover the
afterslip area.
Slip vectors on the hanging wall of the plate interface estimated by the inversion are
demonstrated by blue arrows and contours with an interval of O･02 m in Figure 3. Postseisimc
displacements calculated from the estimated afterslip distribution are indicated by white arrows.
The postseisimc slip is located in the southern neighborhood of the coseisimc slip area shown by
pink contours･ It Should be noted that the areas of major co- and post･seismic slips defined by the
contours of O･3 m and O･02 m, respectively, are completely separated, though small amount of
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slips from the co- and post･seiSmic analyses overlap each other. Similar characteristics of
complementary distribution of coseismic slip and a氏erslip have been pointed out in some
literatures (e.g.,. YagiandKikuchi, 2003; Yagiet al. 2003; Miura et a1., 2004; Miyazaki et a1.,
2004; Ozawa et a1., 2004; Yui et a1., 2005). The integrated moment of the afterslip amounts to 2.0
Ⅹ 10人19 Nm, about 30 % of the coseisimc moment obtained in this study. This moment is
equivalent to Mw6.8.
4. Discussion
Okada et al. (2005) carried out precise relocations of main shocks and a氏ershocks of the
1978 and 2005 Miaygi･Oki earthquakes to reveal that the 2005 main shock was closely located to
that of the 1978 main shock and that the 2005 a氏ershock area is overlapped with the
so.uthern/south･eastern part of the 1978 case. Okada et al. (2005) and Yaginuma et al. (this issue)
performed seismic wave form inversions for the 2005 event to demonstrate that the coseismic slip
area of the 2005 event corresponds to the southeastern part of that of the 1978 event and to
conclude that the 2005 event can be regarded as re･activation in the part of the coseismic slip
area of the 1978 event･ Coseismic slip distributions both from the wave form inversion by
Yaginuma et al･ (this issue) and the geodetic inversion by this study are compared in Figure 4.
The slip area larger than O･3 m which was estimated in this study, shown by a green contour,
indicates broader distribution than the result by Yaginuma et al. (this issue). However, they
agree well concerning less spatial resolution in geodetic inversion than wave form inversion. The
coseismic slip distribution inferred from independent GPS data also suggests that the coseismic
slip area due to the 1978 event consists of some sub-faults or asperities and the 2005 earthquake
ruptured just the 80utheasternasperity (Okada et a1., 2005; Yaginuma et al., this issue).
Conversely, there still remains an area not displaced by the 2005 event.
Umino et al･ (this issue) relocated the main shocks and a氏ershocks of the 1933 (M7.1), 1936
(M7･4), 1937 (M7･1), and 1978 (M7.4) Miyagi-oki earthquakes to conclude that three earthquakes
in 1930's ruptured different parts of the source area of the 1978 event, i.C., its eastern, central
and western portions, respectively･ This result leads us to an idea that the next major
earthquakes with magnitudes about 7 will occur in the near future.
Distinctive feature of the afteSlip distributed in the southern neighborhood of the coseismic
slip area is obtained in this study (Figure 3). Uchida et al (2004) found many repeating
earthquakes occurring during the earthquake swarms of the 1989 and 1992 events and durlng
the aRershock activity of the 1994　Sanriku-Oki earthquake (M7.6); however, the　2005
earthquake did not activate repeating earthquakes around its source area (Uchida et a1., 2005).
This is probably caused by the fact that the amount of afterslip is too small (about 5 cm at its
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maximum) to promote repeating earthquakes.
IJOOking at seismicity around the 2005 focal area, We can see some indication suggesting
the occurrence of the a氏erslip. Figure 5 represents M-T diagrams around the a氏ershock area
from an earthquake catalog by the Japan Meteorological Agency. There is no difference in
seismicity before and after the 2005 earthquake in the northern neighborhood, while the number
of earthquakes with magnitude 3 to 4 was slightly increased a洗er the earthquake in the southern
adjoining area. Cumulative numbers of earthquakes in the same areas are shown in Figure 6.
The number of earthquakes in the northern neighborhood of the 2005 a氏ershock area shows no
temporal change even after the earthquake, however, deviation from linear trend can be seen in
the southern neighborhood. Seismic activity raised a洗er the 2005 Miyagi･Oki earthquake in the
southern neighborhood of the focal area may support the occurrence of the afterslip in the same
area.
The 2003 Tokachi10ki earthquake was followed by dominant afterslip lasting for more than
one year as reported by Yui et al. (2005). The a氏erslip area of the 2003 event extended
bi-laterally along the trench axis. This feature contrasts strikingly with the present study: the
a氏erslip occurred only down to the south. This might be caused by the existence of the locked
plate interface at the north of the 2005 Source area.
5. Conclusions
Co･ and post･sesimic deformations associated with the 2005 Miyagi-Oki earthquake were
investigated to resolve the causal interplate slips, using continuous GPS data and the geodetic
inversion. The coseismic slip distribution estimated by the present study shows good agreement
with that estimated by wave form inversions. The major slip area corresponds to the southeastern
part of the rupture area of the 1978 event. This suggests that there still remains the locked plate
interface, which may cause major interplate earthquakes in the near future.
The afterslip seems to have extended uni･laterally to the south of the coseismic slippage.
This distinctive feature also might be caused by the presence of asperities, where seismogenic
stress has not released yet, in the northern neighborhood. Monitoring of space･time evolution in
aseisimic slip occurring on the plate interface is a clue to predict occurrences of interplate
earthquakes and to understand the process of plate subduction.
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Fig. 1 Coseismic displacements and slip distribution estimated on the plate boundary. Black, blue
and white arrows denote observed displacements, slip vectors on the hanglng Wall of the plate
interface, and calculated displacements from the slip distribution, respectively. Contours of the
inter-plate slip are also shown with a color scale. Yellow star indicatesthe epicenter of the 2005
Miyagi-oki earthquake (M7.2). Blue and green contours denote slip distributions of the 1978 (M7.4)
and 1981 (M7.0) earthquakes, respectively, estimated by Yamanaka andKiknchi (2004).
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Fig.2 Example showing how to evaluate postseismic displacements at a GEONET station, 0550
(Ayukawa). Red and blue traces denote northward and eastward displacements, respectively.
Top, middle, and bottom of each component represent raw data,linear trends with annual and
semi-annual variations and coseismic step estimated by least square丘tting, and residuals,
respectively.
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140oE                1 42oE
Fig･3 Postseismic displacements and slip distribution estimated on the plate boundary. Black, blue
and white arrows denote observed displacements, slip vectors on the hanging wall of the plate
interface, and calculated displacements from the Slip distribution, respectively. Contours of the
postseisimc slip are also shown witha color scale･ Yellow star and open circles indicate epicenters of
tile main shock (M7･2) and a鮎rshocks. Blue and green contours denote slip distributions of the
1978 (M714) and 198 I (M7.0) earthquakes, respectively, estimated by Yamanaka andKiknchi (2004).
Pink contours indicate the coseismic slip of the 2005 event derived in this study (see Figure 1).
141.5E　　　　142.OE　　　　142.5E　　　　143.OE
Fig･ 4 Comparison of the coseismic slip distributions of the 2005 Miyagi-Oki earthquake
estimated by seismic wave form inyersion (blue contours) performed by Yaginuma et all (this
issue) and the geodetic inversion uslng GPS data in this study (green contours) with an interval
of O･3 m･ Blue circles and red crosses indicate epicenters of aftershocks fわr 2 days of the 2005 and
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Fig. 5 Magnitude-Time diagrams in thethree areas in and around the aftershock area of the 2005
earthquake. Tわp, middle, and bottom panel represent the northern neighborhood of the aftershock area,
the a氏ershock area, and its southern neighborhood, respectively. They are shown by blue, red, and green
rectangles in the insert map.
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Fig. 6 Cumulative number of earthquake in the three areas in and around the aftershock area of the
2005 earthquake. Tわp, middle, and bottom panel represent the northern neighborhood of the aftershock
area, the a氏ershock area, and its southern neighborhood, respectively, shown by blue, red, and green
rectangles in the insert map of Figure 5.
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Small repeating earthquakes and interplate creep around the 2005
Miyagi･oki earthquake (M7.2)
Naoki Uchida, Toru Matsuzawa and Akira Hasegawa
ReseBZICh Center RoL･ PTedl'ctJ'oD OlEaz,thquahes and Volcanl'c Eruptl'ons,
GLIBduate School oFScleDCe, TTohoku UDJ'vezISl'ty, SeDdall 98018578, Japan
Abstract:
The 2005 Miyagi-oki earthquake (M7.2) occurred on August 16, 2005 near the hypocenter of
the 1978 Miyagi･oki earthquake (M7.6) which is one of the recurrent 'Miyagi-oki eathquakes'. We
have estimated the spatial･temporal distribution of quasi･Static slip (creep) around the 2005
earthquake by using small repeating earthquakes. Taking advantage of the feature that creep
around an asperity is necessary for the recurrent rupture of the same small asperity, We
estimated the distribution of creep from the distribution of small repeating earthquakes. The
creep iS detected mainly outside of the asperities for the 2005 Miyagi10ki, 1978 Miyagi･oki and
2003 Fukushima･oki (M6.8) earthquakes. The creep rates estimated血･om the recurrence
intervals and slip amounts of small repeating earthquakes for 21 years were almost constant for
the areas nearthe western limit of interplate earthquake but vary temporally ln the areas near
the Japan trench. The changes in the creep rates befわre and a氏er the　2005 Miyagi･oki
earthquake were not significant except for small slip accelerations in some areas near the Japan
trench. It suggests the plate boundary around the asperity for the 2005 earthquake is mostly still
locked.
1. Introduction
The 2005 Miyagi･oki earthquake occurred on August 16, 2005 in the anticipated source
area for the recurrent `Miyagi･oki earthquakes'. However, it was estimated that the earthquake
did not destroyed the whole area of the asperity which caused the previous Miyagi-oki
earthquake in 1978 (The Headquarters for Earthquake Research Promotion, 2005,'Yaginuma et
al. 2006). It is important to know the spatio･temporal evolution of a plate-boundaⅣ Coupling to
understand the earthquake cycle in this area. Repeating earthquake analysis is one of the
powerful tools to estimate the quasi-static slip on the plate boundary (Ellsworth, 1995; Nadeau
and McEvilly, 1999; Igarashi et a1., 2003; Uchida et a1., 2003). It has advantages that the spatial
resolution of slip distributions is as high as earthquake location and that long term data are
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available compared to the GPS data analysュs.
In the present study, we estimate cumulative slips for small repeating earthquakes
assuming that they were equal toJhe quasi-static slip histories in the surrounding areas on the
plate boundaries (Igarashi et a1., 2003; Uchida et a1., 2003).
2. Data and Method
We used digital seismograms recorded by the microearthquake observation network of
RCPEV, Tohoku University, for the period from July 1984 to January 2006. The sampling
frequency was lOOHz and most of the seismometers were of lHz velocity type. In total, we
searched about 10,000 shallow (depth<70km) earthquakes with magnitude 2.5 or larger.
The small repeating earthquakes are identified based on similarity of seismograms. We
calculated coherence of wave forms for events whose epicenter separations are less than 30 km.
The time windows for the analysis Were Set tO 408 from P wave arrivals. The time window
always contain S phase which assure the same S･P time (ie. the same location) if they have high
coherence. We treated an earthquake pair as a pair of repeating earthquakes when the averaged
coherences for 1 ･ 8 Hz were larger than 0.95 at two or more stations. Then, a pair (group) of
repeaters was linked with another if the two pairs (groups) shared the same earthquake.
The cumulative slip was estimated using the same procedure as Uchida et al. (2003, 2004).
The slip for each small repeating earthquake was estimated from the relationship between the
seismic moment and slip (Nadeau and Johnson, 1998). Igarashi et al. (2003) Confirmed that the
slip calculated from this relation is consistent with the slip estimated from the relative plate
motion and repeating intervals using the data fわr several events in NE Japan. The seismic
moment was estimated from the relationship between the moment and magnitude (Hanks and
Kanamori, 1979). Cumulative slip was then estimated by adding all the slips of small repeating
earthquakes in one group.
3. Distribution of 8man repeating ear払quake8
Figure 1 shows the distribution of small repeating earthquakes around the 2005 Miyagi-oki
earthquake. Blue circle shows the centroid of repeating earthquake sequence. Orange circle
indicates the centroid of repeating earthquake sequence that showed activity for the period of 4.5
month before (Fig.1a) and after (Fig. 1b) the 2005 event. Yellow star shows earthquake with
magnitude 6 0r larger for the periods. The contours denote coseismic slip distributions for the
1978 Miyagi･oki earthquake, 1981 MO.0 event, 2003 M6.8 event (Yamanaka andKikuchi, 2003)
and the 2005 M7.1 event (Yaginuma et a1., 2006). peaks or each coseismic slip distribution
correspond to asperities. Most or small repeating earthquakes are distributed outside the
asperities. Some of small repeating earthquakes that occurred after the 2005 event (orange




Fig･ 1 Distribution of small repeating earthquake groups (blue circles). Orange circles indicate
the small repeating earthquake groups that showed activity for the period of 4.5 months
before the 2005 earthquake (a) (from 1 March 2005 to ll:46 16 August　2005 lJST]) and
for the period of4･5 months after the 2005 earthquake (from ll:47 16 August　2005 to 31
January 2006). Thin contours show the coseismic slip distributions for the 1978
Miyagi･oki earthquake, 1981 M7.0 event, 2003 M6.8 event and　2005 M7.1 event
(Yamanaka andKikuchi, 2003; Yaginuma et a1., 2006). stars denote the hypocenters with
magnitude 6 or larger･ Gray circles show the earthquakes shallower than 70 km for the
period from January 2005 to January 2006.
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Fig.2 Averaged cumulative slips of
small repeating earthquakes for the
period from 1984 to December 2005.
(a) Distribution of small repeating
earthquakes (orange circles) and
windows (rectangles) used to estimate
aver.aged cumulative slip･ Bold line
denotes the western limit of low-angle
thrust earthquakes (Igarashi et al.
2001). (b)　Averaged　(stacked)
cumulative slips for the small
repeating earthquake groups in the
windows shown in (a).
4. Temporalcbange in creep
Figure 2b shows the averaged cumulative slips for small repeating earthquake groups. We
averaged the cumulative slips of all the groups in each rectangle shown in Fig.2a to show the
result in Fig.2b･ Note that there may be lack of repeating earthquakes before 1992 because of
incompleteness in the wave form database･ The cumulative slip of small repeating earthquake
(creep) increases with almost constant rate for the regions near the western limit of interplate
earthquakes (regions A, C, E, and I). On the other hand, the regions near the Japan trench
(regions D and K) shows some temporal fluctuations in the creep rate. In-between regions (B, F, G,
H, J and L) show relatively low slip rate. The creep-rate change afらer the 2005 event (vertical
line) is insignificant except for region D where two M6.3 earthquakes occurred.
Figures 3aand 3b show the cumulative slips for 2 months at the region K and reglOn D,
respectively･ In reglOn D, slip was estimated a洗er the first M6.3 event near the Japan trench as
shown in Fig 3b. In region K slip was estimated both befわre and a氏er the 2003 M6.8 event. These














Fig･ 3 Averaged cumulative slips丘)∫ regions K and D f♭r the periods of two months. The




Fig･ 4 A氏ershock distributions of (a) the 1978 M7.4 and (b) 2005 M7.2 Miyagi･oki earthquakes.
Earthquakes shallower than 60km for the period of one month after each main shock were
plotted･ Two rectangles labeled D and K are the same as those shown in Fig. 2a.
5. DiSCu88ionS
The small repeating earthquakes are distributed mainly outside the large asperities. This
probably shows that the creep is dominant outside the asperities. The numbers of small
repeating earthquakes for the period of4.5 months before and after the 2005 event are 9 and 19,
respectively. Therefore, the activities of the small repeating earthquakes are increased after the
2005 event which probably due to creep acceleration in the wide area･ However the creep
acceleration was not so significant if we see long term (20 years) slip history estimated from small
repeating earthquakes shown in Fig. 2. This shows that such weak creep accelerations have
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frequently occurred in the analyzed 21 years.
Miura et al. (2006) performed GPS data analyses to show that the afterslip of the 2005
earthquake was distributed to the sotith of the coseismic slip area and that the maximum slip
was as small as about 5 cm･ This slip is too small to be detected obviously by small repeating
earthquake analysis becausethe slip for the smallest repeating earthquake analyzed here (M2.5)
is about 10 cm.
The lack of large afterslip for the 2005 event is peculiar compared to significant afterslips
reported for large interplate earthquakes along the Japan trench. For example, the moments for
the afterslips following the 1994 Sanriku-oki earthquake (M7.6).and the 1989 Sanriku-oki
earthquake (M7.1) were estimated to be almost the same as the coseismic slips (Heki et a1., 1997;
Nishimura et al･, 2000; Kawasaki et a1., 2001). As shown in Fig.1, there are many large asperities
in the Miyagi･oki region and the 2005 event was estimated to have ruptured only the
southeastern part of that of the 1978 event (Yaginuma et al ,2005). Furthermore, the interplate
coupling estimated from GPS data is high in this region (Suwa et al. 2006). The lack of large
a氏erslip of the 2005 earthquake was possibly due to the strong locking around the asperity fわr
the earthquake.
The seismic activity near the Japan trench was obseⅣed not only a氏er the 2005
earthquake but also after the 1978 Miyagi-oki earthquake as shown in Fig.4. The one month
aftershock distributions for the 1978 Miyagi-oki earthquake (Fig. 4a) and the 2005 earthquake
(Fig･4b) are similar to each other except for the area near the region K where the boundary
already slipped in 2003･ The activities of small repeating earthquakes in region D a氏er the 2005
M6･3 earthquake and in region K a氏er the 2003 M6･8 earthquake show there were creep
accelerations for the periods･ Therefore, unsteady slip at the regions near the Japan trench is
probably prone to be triggered by the earthquakes in the deeper part of the plate boundary such
as the 1978 and 2005 earthquakes.
6. Conclu8ion8
Spatio-temporal change in the interplate creep off･Miyagi, Japan was investigated from 21
year small repeating earthquake activity･ The small repeating earthquakes are distributed
mainly outside the coseismic slip areas for large earthquakes which show the creep is dominant
outside the asperities･ We observed the activation of repeating earthquakes after the 2005
earthquake but the estimated creep rate change was not significant except for a near･trench
region where two M6.3 events occurred after the 2005 earthquake. We also found some of seismic
activity and creep rate nuctuation at the region near the Japan trench are associated with the
interplate earthquake at the deeper part of the plate boundary.
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った. (1)加速度記録を数値積分により速度記録に変換する, (2)周波数卜2, 2-4, 418, 8116Hz

















































例するというグーテンベルグ･リヒタ-の関係式[Gutenberg and Richter (1956)]とは異なって
おり,インコヒ-レントに幅射される高周波地震波エネルギーが示す特徴的なスケーリング則で
ある.この図中に,今回の地震の結果を赤色のダイヤ印で示す.値が大きい順から,卜2, 2-4,
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